Abstract. Agrin is the heparan sulfate proteoglycan (HSPG) that is well known as the molecule that aggregates acetylcholine receptor (AChR) through muscle specific kinase (MuSK) and rapsyn at neuromuscular junctions. HSPGs are spatiotemporally expressed in embryonic and maternal tissues during implantation. The present study examined the role of agrin in the mouse embryo using leukemia inhibitory factor (LIF)-deficient mice, which show complete sterility. Agrin was detected widely in the cytoplasm of uterine luminal epithelial cells at the third day of pregnancy (Day 3) and Day 4. At Day 5, agrin moved to the apical surface of the luminal epithelium. This migration was not found in LIF-deficient mice. AChR was also found in the apical surface of the uterine epithelium at Day 4 and Day 5 in normal mice. LIF-deficient mice did not show this pattern of expression. Only nAChR β1 subunit mRNA was increased at Day 5 in normal mice. Furthermore, acetylcholinesterase was active in the uterine stroma of normal mice throughout the implantation period and was exclusively active in the uterine epithelium at Day 4. Taken together, agrin signaling was activated in the uterus during embryo implantation in the mice. Here, we suggest that the agrin pathway is involved in closure of the uterine epithelium toward placentation.
(J. Reprod. Dev. 55: [293] [294] [295] [296] [297] [298] 2009) uring embryo implantation and placentation, cytokines and/or extracellular matrix (ECM) agents play important roles in fetomaternal crosstalk [1] . Proteoglycans are main components of the ECM that consist of core proteins with covalently bound glycosaminoglycan chains [2] . They are also distributed on the cell surfaces of epithelial cells. Heparan sulfate proteoglycans (HSPGs) are expressed in embryonic and maternal tissues in a spatiotemporal-dependent manner during implantation and placentation [3, 4] .
HSPGs are composed of the following three families: 1. transmembrane proteoglycans, syndecans; 2. cell-associated proteoglycans, glypicans; and 3. ECM proteoglycans; agrin, collagen XVIII and perlecan. The heparan sulfate (HS) chains of HPSGs are rather unique compared with other glycosaminoglycans in terms of heterolytic structures [5] . HS chains harmonize the local microenvironment through the cell surface receptors to combine matrix molecules. They also act as the extracellular signaling mediators by binding to growth factors and/or morphogenic factors, through which these activities are modulated [2, 5] .
In humans, it has been shown that syndecan-1 is localized in the syncytiotrophoblast [6] . Syndecan-4 is expressed in the villous and extravillous cytotrophoblast in early pregnancy, but is diminished as pregnancy progresses [7] . Also, glypican-3 is accumulated in the syncytiotrophoblast [8] , and glypican-1 is expressed in decidual tissues [7] . Terminal fragments of collagen XVIII and perlecan are related to angiogenesis during pregnancy [9, 10] . Collagen XVIII is expressed in the decidua, the villous basement membrane and the endothelium [11] . Perlecan is detected in the basement membrane and extracellular region of the endometrial stroma in the preimplantation period in mice [12] . Additionally, heparanase, which cleaves heparan sulfate, increases dramatically during early pregnancy in mice [13] .
Agrin, originally found in the electric organ of Torpedo californica, aggregates acetylcholine receptors (AChRs) at neuromuscular junctions [14] . It has been proven that agrin is secreted by the axonal ends of neuronal cells in the embryonic stage and have an effect on synapse formation by activating muscle specific kinase (MuSK), which is a receptor protein kinase in muscle, and rapsyn, a protein that interacts with AChRs [15] . The localization and function of agrin in the uterus remains to be determined.
Here, we attempted to reveal the function of agrin in murine implantation using a leukemia inhibitory factor (LIF)-deficient model, which shows complete infertility in implantation [16] . LIF is transiently secreted by the glandular epithelium at the time of implantation in response to the nidatory estrogen surge [17] . Injection of LIF into LIF-deficient and artificial delayed implantation mice leads embryos to normal implantation without nidatory estrogen [18] . LIF is an essential factor for successful implantation and affects the environment of the ECM [19] .
A recent study showed that non-neuronal cells and tissues synthesized acetylcholine and expressed AChRs [20] . Stimulation of AChRs is a trigger to activate cell-specific functions in epithelial and endothelial cells [21] . Also, cholinergic components have been identified in reproductive organs [22] [23] [24] . Agrin could be related to aggregation of AChRs not only at neuromuscular junctions in the uterus, but also at other tissues such as the endometrium.
Materials and Methods

Animals
All experimental procedures were performed under Avertin anesthesia according to the guidelines of the committee for animal welfare at Yamaguchi University. B6C3F1 (wildtype) mice and LIF-deficient (LIF -/-) mice ranging in age from 8-12 weeks were used in the experiments. LIF -/-mice were maintained from a previously established colony [16] except that the LIF -/-females were maintained on a mixed (BALB/c × C57BL6) background. These mice were housed at 22 ± 2 C with controlled light cycles (14L:10D) and fed ad libitum. The first day of pregnancy (Day 1) was defined as the day on which a vaginal plug was observed.
Immunohistochemistry
The uteri of wildtype and LIF -/-mice were collected at Day 3, Day 4 and Day 5 and frozen in liquid nitrogen. Ten-μm sections were prepared using a cryostat (Sakura Finetech, Tokyo, Japan). Specimens were air-dried and fixed in acetone. Four % normal goat serum was used for blocking (30 min at room temperature [RT]). Goat anti-mouse agrin antibody (Agrin [K-17]; Santa Cruz, Burlingame, CA, USA) diluted 1:1000 was applied as the primary antibody. After incubation with the primary antibody, sections were treated with anti-goat IgG conjugated with FITC (Vector, Burlingame, CA, USA) diluted 1:1000. Signals were observed under a fluorescent microscope (Nikon, Tokyo, Japan).
FITC-conjugated α-bungarotoxin (Invitrogen, Carlsbad, CA, USA), which binds to nicotinic AChR, was used to examine the localization of AChR. Tissue specimens were prepared as described above. The sections were incubated with FITC-conjugated α-bungarotoxin diluted 1:200 for 1 h at RT. Signals were observed under a fluorescent microscope.
RT-PCR
Total RNA (1 μg, each individual) was extracted from purified luminal epithelia of the uteri of wildtype and LIF -/-mice at each day of pregnancy, and cDNA was synthesized using superscriptIII reverse transcriptase (Invitrogen, Carlsbad, CA, USA). PCR was performed using the following primers: 5'-CACTAgAgCTgC-CACCTTCC-3' and 5'-CAggAgACCCAAAggATCAA-3', agrin; 5'-gAAgTATgTCCCCgCACACT-3' and 5'-CTgTCgTTCCCTCTgCTCTC-3', MuSK; 5'-CTgCTTTgCCgATATCCATCg-3' and 5'-ggCAgCTCCTagTgCCATTg-3', rapsyn; 5'-gAACAACACTCTggTCTggAAg-3' and 5'-ATgTTgTCCTTgTgTTCTCgg-3', ErbB1; 5'-ggTggTgAgCTgACACTgg-3' and 5'-CACCATCAAACACATCggAg-3', ErbB2; 5'-CATCAgAgggCCAtgTgAC-3' and 5'-TTCCTCTAACCCTggTggg-3', ErbB3; and 5'-ATTggAggCCTCTTCATCCT-3' and 5'-gCgAACTAggTgTgggTgAT-3', ErbB4. An Expand High Fidelity PLUS PCR System (Roche Applied Science, Penzberg, Germany) was used.
The reaction reagents consisted of 5 μl 10 × reaction buffer, 1 μl 10 mM dNTPs, 0.5 μl High Fidelity PLUS enzyme blend, 1 μl 50 μM forward and reverse primers, 1 μl template DNA, and 42.5 μl sterile water. The thermal profile was an initial denaturation step (94 C, 2 min); 35 cycles (MuSK was performed 40 cycles) of denaturation (94 C, 1 min), annealing (55 C, 1min), extension (72 C, 2 min); and a final elongation at 72 C for 7 min. PCR products were electrophoresed in a 2% agarosegel.
Western blot analysis
Crude protein from the uterine luminal epithelium (the same wet volume in each individual) was extracted by homogenization in 0.5% NP-40 and protease inhibitor cocktail (Roche, Basel, Switzerland) / 10 mM PBS. After SDS-PAGE, proteins were transferred onto a nitrocellulose membrane. Blocking was performed overnight at RT with constant shaking in 5% skimmed milk and 0.2% Tween20 / 10 mM PBS. The antibodies used were the same as those for immunohistochemistry. Incubation was performed with the primary antibody for 1 h at RT and for 30 minutes at RT with the second antibody.
Microarray data
To determine the expression level of nAChR mRNA during the implantation period, microarray data (all array data not shown) was referred to for each subunit of nAChRs. Briefly, total RNA was extracted from the purified luminal epithelia of the uteri of wildtype and LIF -/-mice at each day of pregnancy, and cRNA probes were synthesized. MG_U75Av2 (Affymetrix, Santa Clara, CA, USA) was used for microarray analysis according to the technical manual from the supplier. The nAChR subunits α1, α6, α7, β1, β2, γ, δ and ε gene fragments were placed on the array. The number of mice used in each day of pregnancy ranged from 3-5. Three replicates were performed for each day. The internal standards were defined as averages of the signal intensities of GAPDH and RPL19 in each microarray. The average was calculated for all the internal standards. The values of the raw signal intensities of the nAChRs, which were divided by the above average, were considered to be comparable values among each array datum. Their expression levels in the wildtype and LIF -/-mice were statistically analyzed by one-way ANOVA and Student's t-test.
Acetylcholinesterase (AChE) detection
Localization of AChE was examined to check the level of acetylcholine (ACh) secretion. AChE was enzyme-histochemically detected using an acetylcholinesterase rapid stain kit (MBL, Aichi, Japan) according to the instruction manual.
Results
Immunohistochemistry using anti-mouse agrin antibody was performed to determine the expression pattern of agrin in the uterine epithelium (UE). Strong signals corresponding to agrin expression were recognized in the UEs of wlidtype mice at Day 5 (Fig. 1e) . A stronger immunoreaction was found especially at the apical surface of the closed uterine lumen (Fig. 1e) . At Day 3 and Day 4 in the wildtype mice, agrin was detectable but was weaker in strength compared with Day 5 (Fig. 1a and c) . On the other hand, the siganls in the UEs of the LIF -/-mice at Day 3 were very slight (Fig. 1b) . Agrin expression in the LIF -/-mice at Day 4 and Day 5
was the same as that of wildtype mice at Day 4 ( Fig. 1d and f) . The amount of agrin protein in the UE was almost stable throughout the implantation period by Western analysis, that is, from Day 3 to Day 5 both in the wildtype and LIF -/-mice (Fig. 2) . Assuming that the value of "signal intensity" / "background" at D3 in the wildtype mice in Fig. 2 was 1 .0, those of the other 5 days of pregnancy in Fig. 2 ranged within 1.0 ± 0.1 (data not shown). The expression levels of agrin mRNA were also consistent from Day 3 to Day 5 both in the wildtype and LIF -/-mice (Fig. 3) . Among the agrin-related molecules, rapsyn and ErbB4 showed characteristic expression patterns. Rapsyn and ErbB4 mRNA were expressed at Day 5 in the wildtype mice. The signals of MuSK, ErbB1, ErbB2 and ErbB3 were almost stable throughout the implantation period regardless of the genotype.
To demonstrate the existence of nAChR, FITC-conjugated α-bungarotoxin was used. The binding pattern of α-bungarotoxin was similar to the localization of agrin protein. At Day 4 and Day 5 in the wildtype mice, α-bungarotoxin especially bound to the apical surface of the UE (Fig. 4c and e) . Such a binding pattern was not recognized at Day 3 in the wildtype mice and all days of pregnancy in the LIF -/-mice (Fig. 4a, b, d and f).
The changes in expression level of nAChR β1 mRNA are shown in Fig. 5 . No statistical difference was found between Day 3 and Day 4 both in the wildtype and LIF -/-mice. The amount abruptly increased at Day 5 in the wildtype mice. The signals of the other nAChR subunits, α1, α6, α7, β2, γ, δ and ε, were under the detection limit of the Affymetrix microarray system. AChE was expressed in the stroma throughout the implantation period in the wildtype mice (Fig. 6) . Strong message of AChE in the UE was found exclusively at Day 4 (Fig. 6b) .
Discussion
HSPGs are components of the ECM and membrane related proteoglycans [25] . They regulate various biological functions through the heparan sulfate chains [5, 26, 27] . HSPGs play important roles in cell-to-cell attachment, cell differentiation and tissue development by interacting with proteins [27, 28] . Agrin is one of the HSPGs, which is composed of the basement membrane, such as collagen XVIII and perlecan [27] . Its functions in implantation and placentation have not been revealed. Agrin is well known as an essential molecule for maintenance of postsynaptic structures at the neuromuscular junction [15] . Agrin-deficient mice have increased mortality around birth because of respiratory failure so that aggregation of AChR does not occur in the muscle [29] .
Embryos migrate from the oviduct to the uterine horn at Day 3 [30] . LIF is secreted by the uterine glandular epithelium in response to transient nidatory estrogen at Day 4, leading to successful implantation [31] . After attachment of the embryo to the UE, decidualization in the stroma and/or closure of the uterine lumen occurs from Day 5 onward leading to placentation [1] . At Day 5 in the wildtype mice, the localization of agrin moved to the apical surface of the UE (Fig. 1e) . This suggests that agrin is involved in closure of the UE. It has been reported that pan-cadherin also exclusively migrates from the basal to apical surface of the UE when the blastcyst is attached in the rat [32] .
There are two agrin isoforms, a long N-terminal isoform (LN) and a short N-terminal isoform (SN), which are produced by alternative splicing of its mRNA [33] . The difference in N-terminus contributes to agrin's localization and function. The LN isoform is broadly distributed in neural and nonneural tissues and accounts for all basement membrane-associated agrin. LN is responsible for the release of agrin and binding with laminin. The SN isoform is largely confined to the nervous tissue. It was not determined which isoform of agrin was expressed in the uterus because the anti-agrin antibody used in this study recognized the vicinity of the Cterminus.
The mRNA of heparanase, which cleaves heparan sulfate at specific sites, was expressed abruptly at the implantation sites at Day 5 (low level at Day 4) [13] . Breakage of the heparan sulfate of agrin may result in remodeling of the ECM and modification of signal transduction after attachment of the embryo to the UE.
The amounts of agrin mRNA (RT-PCR) and its protein (West- Arrows show the UE (a-c). Scale bar, 100 μm.
ern analysis) in the uterus were stable throughout the implantation period not only in the wildtype mice, but also LIF-deficient mice (Figs. 2 and 3 ). These suggest that agrin aggregates in the apical surface of the UE after embryo attachment to the UE without changing its expression level in the normal implantation process. Also, LIF is involved in the signal that makes agrin migrate from the basement membrane. LIF affects ECM elements such as integrin, laminin and fibronectin [19] . The activity of agrin aggregates AChR in the neuromuscular junction through the receptor tyrosine kinase, MuSK [34] . The expression pattern of MuSK mRNA in the uterus was similar to that of agrin (Fig. 3) . The mRNA of rapsyn, an intracellular protein that interacts with AChR, was exclusively expressed in the UE of wildtype mice at Day 5 (Fig. 3) . Microarray analysis revealed that expression of nAChR β1 subunit mRNA was increased at Day 5 (Fig. 5) . Additionally, the apical surface of the UE at Day 5 was strongly reacted with α-bungarotoxin (Fig. 4e) . As is the case with the neuromuscular junction, agrin is also likely to have the activity of aggregation of AChR through MuSK and rapsyn in the uterus. Rapsyn may be a key factor in this cascade because rapsyn mRNA is increased only at Day 5 (Fig. 3) . In addition to the agrin/MuSK signaling pathway, the neuregulin/ErbB receptor signaling pathway is also involved in formation of the neuromuscular junction [35] . ErbB2 and ErbB4 form heterodimers and work as the functional neuregulin receptors [35] . Both ErbB2 and ErbB4 are essential for formation of the neuromuscular junction. ErbB4 mRNA expression was only increased in the uterus of wildtype mice at Day 5 (Fig. 3) . ErbB2/ErbB4 likely participates in agrin signaling in the uterus.
AChRs are expressed in non-neuronal tissues such as the reproductive organs, urinary bladder, tracheal epithelium, vascular epithelium, cancerous tissues and keratinocyte (nAChR subunits α3, 5, 7, 9, 10 and β1, 2, 4) [20, 21] . Hormones and growth factors regulate AChR and ACh expression and activation in non-neuronal tissues. ACh is released into the extracellular space via organic transporters. The nAChR channel for ionic communication opens after ACh binding to nAChR to activate downstream pathways via G protein, phospholipids and various second messengers [20, 21] . In this study, localization of nAChR was recognized on the apical surface of the UE at Day 4 and especially at Day 5 ( Fig. 4c and e) . It is likely that nAChR plays a role in the UE similar to agrin after embryos attach to it. Only nAChR β1 subunit mRNA was increased in the uterus of wildtype mice at Day 5 (Fig. 5) . The nAChRs are pentameric complexes assembled from 17 species of nAChR subunits (α1-α10, β1-β4, γ, δ and ε) in the vertebrate [36] . The nAChR present on the UE may be β1 homopentamer because the other subunits were under the detection limit of the microarray.
AChE was mainly used for detection of nerve cells and as a marker to examine whether or not nerve cells work normally [37] . Detection of AChE is indirect proof of ACh production [16] . ACh was secreted from the uterine stroma throughout the implantation period and also from the UE exclusively at Day 4 in this study (Fig.  6) . Although it was not determined whether or not the AChE-positive site was the site of implantation, the results of the present study suggest that ACh secreted from the endometrium plays a role in closure of the UE through agrin dependent pathways.
Strong expression of agrin in the hepatocarcinoma indicates its involvement in angiogenesis [38] . Agrin may play roles in decidual angiogenesis for successful placentation as well as perlecan or collagen XVIII, whose terminal fragments have effects on angiogenesis [9] [10] [11] . Glypican-1 and collagen XVIII, which are HSPGs, express in the decidua basalis [7, 11] . Also, it has been shown that agrin is strongly expressed in the basement membrane of the glandular epithelium of the uterus [4] . Taken together, agrin could have multipe effects on implantation and placentation.
